stimulation could lead to a gradual improvement of the tion of the hindlimbs after neurectomy of ankle flexors in intact residual locomotor capabilities (Barbeau and Fung 1994; and spinal cats: a model for the study of locomotor plasticity. J. Barbeau and Rossignol 1994; Dietz et al. 1994; Rossignol Neurophysiol. 77: 1979, 1997. To study the potential plastic-and Barbeau 1993 Barbeau , 1995 Wernig and Muller 1992 ; Wernig ity of locomotor networks in the spinal cord, an important issue et al. 1995). The successful outcome of such rehabilitation for locomotor rehabilitation after spinal injuries, we have investi-strategy assumes that the locomotor control mechanisms gated the locomotor performance of cats before and after a unilathave some degree of plasticity and that the improvement of eral denervation of the ankle flexors tibialis anterior (TA) and the residual locomotor function can be retained. Various extensor digitorum longus (EDL) both in cats with intact spinal observations may argue for or against such locomotor plascord and after spinalization. The effects of the inactivation of the ankle flexors were studied in three cats with intact spinal cord ticity.
have some degree of plasticity and that the improvement of eral denervation of the ankle flexors tibialis anterior (TA) and the residual locomotor function can be retained. Various extensor digitorum longus (EDL) both in cats with intact spinal observations may argue for or against such locomotor plascord and after spinalization. The effects of the inactivation of the ankle flexors were studied in three cats with intact spinal cord ticity.
during periods of 4-7 wk. Cats adapted their locomotor perforIt currently is believed, on the basis of a large body of mance very rapidly within a few days so that the locomotor behav-experimental evidence from several animal species, that the ior appeared to be unchanged practically. However, kinematic anal-basic locomotor pattern is generated largely at the spinal yses of video records often revealed small but consistent increase cord level and is regulated through afferent feedback and in knee and/or hip flexion. These changes were accompanied by descending commands, as summarized in various reviews some increase in the amplitude of knee and hip flexor muscle (Barbeau and Rossignol 1994; Delcomyn 1980 ; Grillner activity. Cats maintained a regular and symmetrical walking pattern 1981; Pearson 1993; Rossignol 1996; Rossignol and Dubuc over the treadmill for several minutes. Two of these cats then 1994). In that framework, one could ask how animals adapt were spinalized at T13 and studied for Ç1 mo afterward. Whereas their locomotion to new conditions such as damages to penormally cats regain a regular and symmetrical locomotor pattern after spinalization, these cats had a disorganized and asymmetrical ripheral nerves, muscles, or joints and where do these adaplocomotor pattern with a predominance of knee flexion and absence tive changes take place? Although there is some evidence of plantar foot contact of the denervated limb. Another cat first of anatomic plasticity (sprouting) in descending pathways was spinalized and allowed to recuperate a regular symmetrical and afferent pathways after spinal lesions or dorsal root seclocomotor performance. Then it also was submitted to the same tions that may underlie funcunilateral ankle flexor inactivation and studied for Ç50 days. The tional changes (Goldberger and Murray 1978) , it is not clear, cat maintained a well-organized symmetrical gait although there however, if the spinal locomotor generating circuits are modwas almost no ankle flexion on the denervated side. There was no ifiable functionally. Some of the evidence from cats (Forssexaggerated knee hyperflexion and gait asymmetry as seen in the berg and Svartengren 1983; Gordon et al. 1986 ) and rats two previous cats spinalized only after they had adapted to the (Sperry 1940 (Sperry -1942 indicates that, after transposing antagodenervation of ankle flexors. It is concluded that, after muscle nist muscles of the ankle, the functions of the transposed denervation, locomotor adaptation is achieved through changes occurring at different levels. Because cats spinalized after adaptation muscles are retained, suggesting that there is little plasticity to the neurectomy had an asymmetrical locomotor pattern domi-in the spinal locomotor mechanisms. For instance, the transnated by hyperflexion, it is suggested that the spinal circuitry has posed ankle extensor muscle continues to discharge not in been modified during the adaptive process, presumably through accordance with its new biomechanical function (ankle the action of corrective supraspinal inputs. Indeed spinal cats do flexion) but according to its former function (ankle extennot normally display such abnormal hyperflexions, and neither did sion) and connectivity (hardwired networks).
the one cat denervated after spinalization. On the other hand, beOn the other hand, there is the view that there can be some cause the modified locomotor pattern in the spinal state is not functional plasticity within certain simple spinal reflexes that functional and contains only some aspects of the compensatory may even persist after spinalization. Wolpaw has shown, response seen before spinalization, it is suggested that the complete with operant conditioning, that monkeys can be trained to functional adaptation observed in intact cats after peripheral nerve upregulate or downregulate the monosynaptic H-Reflex and lesions may depend on changes occurring at the spinal and the that this ''learned'' asymmetry may persist after spinalizasupraspinal levels.
tion (Wolpaw 1994; Wolpaw and Lee 1989; Wolpaw and O'Keefe 1984; Wolpaw et al. 1983a,b) . Work on the flexion I N T R O D U C T I O N reflex in the cat also suggests some degree of plasticity even in spinal animals (Durkovic 1975 (Durkovic , 1983 ; Durkovic and DamOne of the major hopes in the field of locomotor rehabili-ianopoulos 1986; Durkovic 1982, 1984) , as tation after spinal cord injury is that the combined approach previously suggested (Shurrager and Culler 1940; Dykman and Shurrager 1956 ). of pharmacology, locomotor training, and functional electri-purchased through a local supplier approved by the university, Other types of evidence of spinal plasticity also have been were trained progressively during a period of 2-4 wk to walk on obtained from the study of locomotion in spinal animals. a treadmill, in a Plexiglas enclosure, at constant speeds ranging After spinalization, kittens (Forssberg et al. 1980a,b) as well from 0.2 to 0.8 m/s so that they became accustomed to the laboraas adult cats (Barbeau and Rossignol 1987, 1994 ; Belanger tory environment and maintained a nearly constant position on the et al. 1996), can walk with the hindlimbs on a treadmill, treadmill. Electromyographic (EMG) electrodes then were imand the quality of such locomotion is a function of regular planted and several control recording sessions of EMGs and kineweight-bearing training (see also Edgerton et al. 1983 ; Smith matics were taken for several days to establish reliable baseline et al. 1982) . Early locomotor training using clonidine, an control values for each cat (43 for cat 1, 27 for cat 2, 33 for cat alpha-2 noradrenergic receptor agonist that can induce loco-3, and 12 for cat 4). Thereafter, the ankle flexor muscles TA and EDL were denervated and cats that were studied again for several motion in the first hours after a spinalization (Forssberg and days (51 for cat 1, 27 for cat 2, and 40 for cat 3). Two of Grillner 1973) also appears to accelerate the recuperation of the cats (cat 1 and cat 3) were spinalized, and their locomotor locomotion (Barbeau and Rossignol 1994; Barbeau et al. performance studied for 24 and 32 days, respectively. In cat 4, the 1993; Rossignol and Barbeau 1993) . Finally, it has been order was reversed; the cat was spinalized 12 days after implantapostulated that there is specificity in the training of spinal tion, the neurectomy was performed 22 days after the spinalization, cats such that cats trained to stand or to walk will have a and the cat was killed 52 days later. Cat 2 was used only to better standing or walking performance, respectively (Hodg-investigate the effect of neurectomy and was not spinalized. The son et al. 1994) . This combined work then suggests some number of recording sessions in between these events also varied degree of plasticity within the spinal cord and more specifi-from 3 to 18 depending on cats. Only certain recordings on specific cally in the locomotor control mechanisms. days were used for complete analysis and display. The muscle transposition paradigm described above may represent an extreme case of the demand on the CNS for Training procedures after spinalization functional locomotor plasticity, which requires the rewiring From 3 to 4 days after spinalization, training of the spinal cat was of neural circuits to adapt the function of transposed muscles.
performed one or twice daily (a recording session could replace a Other strategies may be more economical and efficient. As training session). Cats were trained to walk with their forelimbs a matter of fact, work on tendon transposition or axotomy standing on a platform placed a few centimeters above the belt of specific hindlimb nerves (Gordon et al. 1980 ) often refer and a Plexiglas separator placed so that the hindlimbs would not to ''tricks'' (Sperry 1942) developed by the animal to com-impede each other as can happen when cats have an exaggerated pensate for their neuromuscular deficit. For instance, to obvi-adduction after spinalization. In the early days after spinalization ate the deficit in one joint due to muscle transposition of the weight of the hindquarters was supported partially by holding that joint, the animal can increase the excursion of other the tail, and locomotion was facilitated by manual perineal stimulation. In the two cats in which neurectomy was performed before joints. Where are these tricks generated in the tripartite conspinalization, clonidine 150-200 mg/kg was given intraperitonetrol scheme for locomotion mentioned above? Indeed, when ally on four occasions to initiate walking movements (Barbeau et an organism adapts its locomotor behavior to permanent al. 1987 ) mainly in the first week postspinalization so that the changes in its limbs or joints, are the adaptive changes incorexpression of the locomotor pattern could be studied during that porated eventually within the spinal circuitry so that de-period without further plastic changes that could be brought about scending voluntary commands trigger spinal circuits, which by the subsequent intensive training. already have been modified to take into account the state of the peripheral apparatus? Another alternative is that these Surgical procedures adaptive changes are achieved by modifying descending the control commands themselves to the spinal circuits so that EMG IMPLANTATION. The general methods have been described each step is modified appropriately to offset the deficit? In earlier (Belanger et al. 1996) . After fasting overnight, cats were premedicated with Acepromazine (Atravet, 0.1 mg/kg sc) and the first alternative, most changes would occur in the spinal atropine (0.05 mg/kg sc) and then given a dose of pentobarbital cord, and in the second alternative, most changes would (Somnotol 35 mg/kg iv). Penicilline G (40,000 U/kg im) also occur in the descending commands.
was given at the time of surgery. Up to 14 muscles were implanted
To study this question, we have investigated the locomotor chronically. Teflon-insulated stainless steel wires (AS633, Cooner behavior in cats before and after a unilateral denervation of Wire, Chatsworth, CA) were soldered to two 15-pin connectors two large ankle flexors of one limb, tibialis anterior (TA) (TRW Electronic Components Groups, Elk Grove Village, IL) and extensor digitorum longus (EDL). After a period of cemented to the skull of the animal and the other end of the wires adaptation of treadmill walking with this new neuro-muscu-was led subcutaneously to selected muscles. After removing the lar state, two of the cats were spinalized at T13, and their insulation for Ç3 mm of the wires inserted in the muscle belly locomotor performance studied for several days. In another itself, each wire was attached individually by a silk thread at its entry in the muscle, and both wires were tied together at their exit cat, the same neurectomy was performed after spinalization from the muscle belly. The following muscles were implanted on at a time when the cat already had regained its locomotor both sides (i Å ipsilateral to the camera, usually the left of the capabilities. The data suggest that, in normal cats, adaptation animal; co Å contralateral): flexor muscles, IP, iliopsoas; Srt, sartoto such neuromuscular impairments involves changes both rius anterior; St, semitendinosus and extensor muscles; Glu, gluat spinal and supraspinal levels. The results of this study have teus; VL, vastus lateralis; GL, gastrocnemius lateralis; and GM, been presented in preliminary form (Carrier et al. 1992 General experimental protocol not due to changes in recording conditions. After surgery, cats were placed in their individual cage with an infrared light to maintain All the surgical procedures described below were reviewed and approved by the University Ethics Committee. Four adult cats, temperature overnight. Buprenorphine hydrochloride (Temgesic, 0.005-0.01 mg/kg im) was given for 24-48 h every 6-8 h. Amox-data as well as on one of the voice channels of the video tape and on the image itself. icilline (Amoxil 22 mg/kg) was given twice a day orally for a 10-day period.
R E S U L T S NEURECTOMY. The neurectomy was performed also under general anesthesia as described above. The common peroneal nerve Kinematics and EMG changes after neurectomy on the left of the animal was dissected just below the lateral aspect of the knee so that muscular branches going to the anterior part of All cats were tested on the treadmill 2-3 days after the the leg and innervating TA and EDL could be identified. Two neurectomy. We were struck by the fact that all cats showed ligatures were placed, and the nerve was cut in between. The very little locomotor deficits at slow walking speeds of 0.3-proximal stump was enclosed in a polymer cap to prevent regrowth. 0.5 m/s. They had more difficulty walking at moderate
The superficial peroneal nerve was preserved. In a terminal experispeeds of 0.7-0.8 m/s and tired more rapidly. Careful visual ment in cat 1, we decerebrated the animal and stimulated the observation suggested a decreased ankle flexion but a more common peroneal nerve above the lesion with strengths of°300 conspicuous hip abduction during swing. This hip abduction mA, and, when the limb was pendant, the prominent response was a knee flexion sometimes accompanied by what appeared to be a disappeared after the first week in all but one cat, in which very small ankle flexion of a few degrees only. When the limb it persisted at a low level.
was flexed and the knee joint kept in one position, there was no Figure 1 shows two step cycles at 0.4 m/s taken during sign of ankle flexion after stimulation. At autopsy, the nerves were the control period ( Fig. 1A ) and 25 days after the TAdissected to confirm the intended lesion.
EDL neurectomy (Fig. 1B) . In Fig. 1A , the synchronized SPINALIZATION. The spinalization was performed at T13 also kinematics and EMGs illustrate a normal locomotor pattern. under barbiturate anesthesia and with postoperative analgesia. The Just before lift-off, the knee flexor St discharges as a very spinal cord was sectioned completely with ophthalmic scissors after brief burst, which, together with foot muscles (not illusopening the dura, and the wound was filled to the sides and to the trated), would clear the paw from the ground and start the bottom of the vertebral canal with pieces of oxidized regenerated swing phase. The hip, knee, and ankle flex while the toes cellulose (Surgicel). Cats were kept in separate cages and were dorsiflex during the first half of swing, a phase referred to as voided manually twice a day (Belanger et al. 1996) . They were the flexion phase (F) in the step cycle defined by Philippson cleaned regularly and weighed and examined by a veterinarian at (1905) . During this flexion period, the hip flexors, IP and least once a week. Necessary blood samples and antibiograms were performed through our University Health Services.
Srt, start their discharge, which continues into the next phase, the first extension phase (E1), during which the knee and ankle extend to contact ground for the next stance phase.
Recording and analyses
Extensor muscles, such as iGL, are activated just before foot EMG. The EMG signals were amplified differentially using a contact, which starts the second extension phase (E2), and band-pass filter of 100 Hz to 3 kHz and recorded on a 14-channel are active for most of the stance phase.
VHS tape recorder (Vetter model 4000A with a typical rise time After the neurectomy of TA and EDL, the kinematics at half-amplitude of 200 ms at the speed of recording). The EMGs changes of the various joints (except for the ankle) were were played back on an electrostatic polygraph (Gould 1000) and subtle (Fig. 1B) and hardly could be detected by eye only. selected sequences were digitized at 1 kHz using a PDP 11/34
As expected, there was a marked reduction, but not a com-
computer. An interactive custom made EMG analysis program was plete abolition, of ankle excursion (from 30 to 13Њ, see Table   used to extract cycle and EMG burst values for statistical analyses 2) and a reduced dorsiflexion of the MTP joint (from 66 to and display. Furthermore, the EMG bursts could be averaged and normalized over many cycles using either one of the EMGs or a 43Њ, see Table 2 ). The knee and hip showed an increase of kinematic event such as paw contact as a trigger.
peak-to-peak excursion of only a few degrees. These small kinematic changes, however, were accompanied by an in-KINEMATICS. To analyze the kinematics of locomotion, six lightreflecting disks (made from 3 M reflecting tape) were stuck on crease in the amplitude of the St EMG, as well as a marked the tip of the iliac crest, the great trochanter, the knee's lateral increase in the amplitude and duration of the hip flexor Srt. condyle, the lateral malleolus, the fifth metatarsophalangeal joint, The delay seen normally between the onset of ST and the and the tip of the third toe. The cat walked freely on the treadmill, onset of IP or Srt was reduced after neurectomy (compare being connected to the equipment only through the flexible cables Fig. 1, A and B ; see also Fig. 4) , and the onset of the hip from the head plugs to the preamplifier input box. Locomotion was flexor discharge was more abrupt. recorded using a Digital 5100 shutter camera and a Panasonic AG The cycle duration and structure was similar for the same 7300 video tape recorder. With an exposure time varying between belt speed (0.4 m/s) before and after neurectomy when the 0.5 and 2 ms, it was possible to have a sharp image of the reflective animal had recovered fully as seen in Fig. 1 . Table 1 shows markers for every field, thus a time resolution of {1 field (16.7 that the cycle duration pre-and postneurectomy was similar ms). Using a two-dimensional peak performance system, the six points were digitized for every field. From the x and y coordinates for the same belt speed in cat 1. In cat 2, the overall cycle of each point, the kinematics of locomotion could be reconstructed remained also the same although there was a small (but and displayed as stick diagrams, trajectories of the points, or joint significant) increase in the swing phase duration. In cat 3, angular excursions of the hip, knee, ankle, metatarsophalangeal the cycle duration was decreased significantly from 996 to (MTP) joints. In all angular displays, flexion is downward except 851 ms due to a shorter stance. This decrease of cycle durafor the MTP joint where dorsiflexion of the toes corresponds to an tion, although initially seen at 0.6 m/s, recovered after 4 wk upward deflection of the trace. Other events, such as paw contact so that pre-and postneurectomy step cycles were the same. and lift off, were identified and used to align normalized joint Kinematics and electromyographic (EMG) activity of locomotion at 0.4 m/s before and after neurectomy of tibialis anterior (TA) and extensor digitorum longus (EDL) in cat 1. In A, 2 consecutive cycles from control period are illustrated. For hip, knee, and ankle, downward deflection of traces indicate flexion whereas for metatarsophalangeal (MTP), upward deflection indicates plantar flexion. Note that for knee, apparent flexion occurring during stance is due to a gradual slippage of joint marker due to skin movements. f, paw contacts, F, paw lifts, , stance period. Vertical lines are aligned with downgoing arrows. In B, similar displays taken from 2 cycles 25 days postneurectomy. Gains of EMG amplifiers were same before and after neurectomy.
somewhat greater flexion of the knee at the end of the swing neurectomy. In cat 3, the total peak-to peak excursion of the hip was increased by 4.5Њ and the knee by 5-6Њ. These phase after neurectomy. The overall shift of the hip toward more flexion is due to a more ventral placement of the light changes were consistent and were augmented with increasing speed of the treadmill. reflective disk at the iliac crest. In the angular traces (Fig.  2D) , the total peak-to-peak hip excursion is the same as in In Fig. 2 , A and C, the trajectory of the foot marker below Fig. 2B , but a study of the first derivative of such traces the stick figures also shows a somewhat greater vertical comindicated a small increase in hip flexion velocity after neu-ponent after neurectomy. The vertical position of the toe rectomy. In this example, the angular traces of the knee joint point or the marker placed on the MTP joint was measured before and after neurectomy can be superposed, although during the swing phase for the three cats, and it was found the knee is somewhat more flexed at the onset of E1. Table that the foot was raised up to 5-7 mm more during swing 2 shows that for the hip and knee, the peak-to-peak excur-than in the control period. In summary, then, it appears that sions (dif) are very similar before and after neurectomy. through the combined effects of small increases in the flexion Although the ankle and MTP joints excursions are reduced, of hip and/or the knee, the animals could raise the paw a the cat managed to clear the tip of the foot from the belt as few millimeters higher during the swing to compensate for seen in the trajectory of the foot point in Fig. 1C . Thus by the reduced ankle flexion. very small step-by-step adjustments that tend to get blurred Figure 3 shows the averaged EMG of ú110 cycles taken in the averaging process, the animal managed to clear the in different control recording sessions and a similar number foot from the ground. In cat 2, the changes observed were of cycles postneurectomy at a speed of 0.7 m/s and mainly somewhat more pronounced. For example, both before and serves to illustrate the overall envelope of the EMG bursts. after neurectomy, the hip reached a maximum extension of There was a marked increase in amplitude of all flexor bursts Ç120Њ but reached a peak flexion of 85Њ after neurectomy on the ipsilateral side whereas the changes in contralateral flexors were minimal (coIP, coSrt) or absent (coSt). It compared with 95Њ before. Similarly, the overall peak-topeak excursion of the knee was 33Њ compared with 27Њ before should be noted that St had a small second burst of activity J487-6 / 9k0f$$ap34 08-27-97 15:01:14 neupal LP-Neurophys (see also Fig. 9, D-F) . In cat 1 (Fig. 5) shows abnormally long swing phases (even longer than the stance phases) on the denervated side, and the reverse in Values of means { SD are in ms. Changes are presented for all conditions the normal leg, which has to maintain weight for a greater in all cats walking at 0.4 m/s. The statistical significance (*P õ 0.01) of proportion of time, the ipsilateral limb being incapable of changes in a given condition is established in relation to the immediately preceeding condition. supporting any weight. This asymmetry even increased as time progressed after spinalization (interlimb coupling going from f0.4 to f0.8). In cat 3, which also was submitted to just before foot contact that was clear at 0.7 m/s after neurecthe same sequence of neurectomy followed by spinalization, tomy. Changes in the timing were also noticeable. Whereas the results were very similar with a predominance of knee in the control state, the IP and Srt clearly discharged later flexion (see Table 2 ). It is also worth noting that the disorgathan St, the delay was reduced after neurectomy and even nization of the movement is reflected in the very large SD, reversed at higher speeds (see also Fig. 4) . It is also clear especially in cat 3. that activity of the ipsilateral extensor muscles was increased This abnormal locomotor pattern and the asymmetry is somewhat, especially the ankle extensors (iGM and iGL) well illustrated by the stick figures and averages of angular and the hip extensor (iGlu).
excursions shown in Fig. 5 . During stance, the dorsum of The interlimb coordination remained very good after neuthe foot of the lesioned limb contacted the belt and the rectomy as demonstrated by the onset of the coSt, relative MTP joint plantarflexed. During swing, the more or less to iSt, which remained at Ç50% in Fig. 3 (see also Fig. 8 synchronous flexion at all joints results in an oval-shaped for a slower speed). This further suggests that the animal did foot trajectory. On the intact side, the steps cycle were somenot limp or else underuse its lesioned limb during walking.
what more normal as can be seen from the stick diagrams Moreover, the animal could adapt its gait to overcome an and foot trajectory (Fig. 5C ). We will not attempt to describe obstacle [a cylinder placed on the treadmill belt (Drew these pathological locomotor patterns in much further details 1988)]. In the intact state, the hindlimb was brought progresfor each cat except to say that the walking pattern was, at sively forward in a smooth trajectory to step over the obstatimes, even more abnormal with the lesioned limb percle. After neurectomy the animal successfully negotiated the forming two small incomplete steps for one step on the obstacle by making a larger flexion at the hip and knee joints. contralateral side. Although this voluntary gait adaptation was not studied sysThe examples shown above were taken from the period tematically, the results clearly indicated that compensatory where the cats had stable albeit abnormal locomotor performechanisms were adequate to adapt the step characteristics mance. However, these anomalies could be seen earlier after to external demands.
spinalization. The first recording sessions were made 3-5 In summary, then, after a unilateral TA and EDL neurecdays after the spinalization. From previous experience, 5 tomy, cats adapted very well their locomotor pattern through days after spinalization cats have only small symmetrical a minimal increase in knee and/or hip flexion resulting from rhythmic movements of the hindlimbs usually with the hip an increase in the amplitude of discharge of the knee and hip in extension (Belanger et al. 1996) . In the cats presented flexors. The cats maintained a well-coordinated locomotor here, the movements were disorganized and asymmetrical pattern, and, by casual observation only, it was difficult to with frequent hyperflexions of the knee and hip on the ledetect any locomotor deficit.
sioned side, and strong perineal stimulation was required to evoke movements. Only a few steps could be obtained at Fig. 1 . A and C: stick figures of 1 step cycle on treadmill together with trajectory of toe point for swing and stance. In this display, each figurine of hindlimbs is displaced by an amount equal to linear displacement of paw between video fields so that horizontal calibration is larger than vertical one. B and D: averaged and standard deviation of angles calculated in 7 cycles before and 10 cycles after neurectomy are synchronized to left paw contact. Same step cycle is presented twice for more clarity. Philippson's subdivisions of the step cycle (F-E 1 -E 2 -E 3 ) are presented on top. presented in Fig. 6 . Whereas the nonlesioned side performed the activity in the control period (before neurectomy) and after neurectomy and spinalization. Very large almost synrather normal movements (not illustrated), the lesioned side illustrated here had very abnormal movements. As can be chronous bursts of activity are seen in all flexor muscles.
Note that the activity in coSt starts at about f0.5 and peaks seen in the stick figures, the knee performed brisk hyperflexion movements more or less synchronous with hip flexions at f0.7, somewhat later than before spinalization, indicating that some symmetry was preserved at this early postspinal so that the limb was not brought forward and the paw landed on the dorsum of the toes and remained in that position for stage. This example thus illustrates that the abnormal movements described in previous figures, taken at day 19, already the rest of the stance, much as it was seen later without drugs as described above. The average EMG traces compares were present 6 days after spinalization, well before the cat J487-6 / 9k0f$$ap34 08-27-97 15:01:14 neupal LP-Neurophys had any significant locomotor training on the treadmill. We muscles. The combined timing and amplitude changes for the three conditions are illustrated more quantitatively in have repeated this experiment three times in cat 3 and essentially obtained the same results. We thus could conclude that Fig. 8 for cat 1 at a speed of 0.4 m/s, a speed at which all conditions could be compared. the abnormal pattern seen at a later stage was not due to an abnormal training because of the neurectomy but rather that
To evaluate the effect of the ankle flexor neurectomy in a spinal cat, the neurectomy was performed in cat 4 after it the abnormal pattern was there very soon after the spinalization, suggesting that clonidine merely expressed an abnormal had been spinalized and had recovered hindlimb locomotion. Figure 9A shows one normal step in the control period with locomotor pattern already extant in the spinal cord.
The evolution of the EMG patterns as recorded with the stick diagrams, trajectories, angular displacements, and EMGs. After spinalization, the swing was very smooth and same gains over the three conditions, i.e., control, postneurectomy, and spinal-postneurectomy at the same speed (0.4 the stance is shorter compared with normal, an common observation in spinal cats (Belanger et al. 1996) . After neum/s) is illustrated in Fig. 7 . Activity of the ipsilateral flexor muscles was increased substantially after neurectomy rectomy, the locomotor movements were symmetrical, regular, and smooth albeit with only very small flexion of the whereas the contralateral St remains similar in both amplitude and timing. Activity of the extensor muscles also was ankle and absence of plantar foot contact. The large knee hyperflexions seen in the spinal cats that had undergone increased, and there was more overlap between the extensor activity of both legs. After spinalization, there is not only a neurectomy before spinalization were absent in this cat neurectomized after the spinalization. This suggested that the marked asymmetry (see displacement of coSt burst relative to iSt), but the flexor muscles showed a greater increase in anomalies seen in the former two cats reflected spinal changes that had occurred during the period of adaptation amplitude and duration, and there was a substantial cocontraction between the hip flexor muscles and ankle extensor before the spinalization. ized before any biomechanical changes could be seen in the locomotor pattern. Similar compensatory mechanisms have Consequences of neurectomy been described after the section of nerves to specific ankle extensors (Gordon et al. 1980; Wetzel et al. 1973 ; Whelan The results of these experiments show that, in normal et al. 1995) . Although TA and EDL are considered as the conditions, cats adapted their locomotor pattern very well main flexors of the ankle, peroneus longus, which was not after the inactivation, by neurectomy, of two major ankle denervated in our experiments, is also an ankle flexor (Lawflexors TA and EDL. This adaptation involved small inrence et al. 1993; Nichols 1994 ) with a significant moment creases in knee and/or hip flexion just enough to clear the arm in the plane of flexion when the ankle joint is flexed paw well above ground during the swing phase. The kinealready such as during swing (Young et al. 1993 ). This matic compensation was subtle and difficult to perceive by might account for the fact that we still could measure ankle visual observation only. The EMG analyses showed that flexion during swing although some of this flexion also might there was an increase in the knee flexor St and hip flexors be due to inertial forces, especially when the hip flexion IP and Srt. Therefore, the compensation is achieved mainly movements were very brisk. This residual flexion was, howby changes occurring at more proximal joints, as described ever, insufficient to compensate for the inactivation of TA also by others. It indeed has been reported previously, aland EDL over the time span of the experiments, and therethough not analyzed in any detail, that after section of the fore compensation from the more proximal flexors, as dewhole common peroneal nerve, cats had a pronounced foot scribed above, was needed. drop and compensated through a greater hip flexion (Gordon The section of a motor nerve also has sensory conseet al. 1980) . In other circumstances, compensation also quences. Denervation of TA and EDL eliminates potentially could take place in synergist muscles. For instance, in rabimportant sensory information from these muscles. Recent bits, progressive section of the tendons of ankle plantarflexdata show that stimulation of afferents from TA, possibly ors on one side led to a prolongation of the stance, hyperfrom group I and group II afferents, during the flexion phase flexion during swing, and landing on the heel (Stewart of fictive locomotion, can reset the cycle to extension (Per-1937) . When one of the muscles was biomechanically disreault et al. 1995) . It was postulated that these effects could connected after tenotomy, other synergist muscles compensated so that several muscles have to be removed or tenotom-be due to group II spindle secondaries. It then should be J487-6 / 9k0f$$ap34 08-27-97 15:01:14 neupal LP-Neurophys Fig. 1 A. expected that, normally, stimulation of these afferents during efferents to transposed muscles in the various lumbo-sacral roots is also changed (Gordon et al. 1986 ). stance where flexor muscles are stretched would provide some positive feedback to extensors and prolong the stance Despite these changes in the reflex circuitry, a number of experiments suggest that there is little functional plasticity phase (indeed described for Srt stimulation but not for TA and PBSt). In absence of these afferents, this mechanism in locomotor mechanisms in very challenging situations such as after nerve or muscle transpositions. After transposing could participate in the decrease of the step cycle mainly due to a shortening of the stance phase seen in one of the the gastrocnemius (G) muscle, an ankle extensor, to the distal tendon of the ankle flexor tibialis anterior (TA), it cats at least in the first few weeks postneurectomy.
was found that the gastrocnemius, which normally discharges during stance, continued to discharge in stance deFunctional plasticity spite its being now an ankle flexor (Forssberg and SvartenThe above results show that cats adapted their locomotor gren 1983; Gordon et al. 1986 ). This was taken as evidence pattern very well after the denervation of ankle flexors that the basic spinal locomotor circuitry had no significant through compensatory movements of other joints. How are plasticity, in support of the notion of an innate hardwired these compensatory changes achieved? There are several locomotor network. This is in agreement with the classical lines of evidence suggesting that changes in the state of the work of Sperry on tendon transposition in rats. After transponeuro-muscular apparatus will trigger anatomic and physio-sition of ankle antagonists muscles (Sperry 1941) or nerves logical changes in various structures. For instance, transposi-(Sperry 1940) in the hindlimbs or muscles and nerves in tion of nerves from muscle containing different populations the forelimbs (Sperry 1942), there was no adaptation even of muscle unit types can lead to changes of the distribution several months after the transposition and despite various of unit type in the muscles such that slow motor units can attempts at training to force the proper use of the transposed be converted to fast units (for review, see Buller and Pope muscles. Even during basic motor behaviors such as locomo-1977). After nerve transposition, new monosynaptic connec-tion, rats contracted the gastrocnemius during stance, caustions are made between the axons originating from a gastroc-ing the ankle to flex. Similarly during swing, TA contracted nemius or plantaris nerve with peroneus longus motoneurons and extended the ankle. Although the transposed muscle apparently did not adapt, other muscles at the thigh and hip (Eccles et al. 1960 (Eccles et al. , 1962 Fig. 8 for number of cycles values). All gains are the same for each muscle in the 3 conditions. modified their contraction pattern to prevent scraping the characterized by irregular cycles with marked hyperflexions especially of the knee. The synchronous hip and knee flexion foot on the floor during swing. Sperry concluded that rats showed no plasticity in the function of transposed muscles. did not bring the limb forward but the limb rather was stepping in place. There was no plantar foot placement, and On the other hand, monkeys eventually were able to learn, several months after a transposition of elbow antagonist mus-therefore the weight was supported mainly by the other hindlimb, leading to a quite asymmetrical gait. On the other cles to use the transposed muscles properly in certain particular tasks (Sperry 1947) , suggesting that primates, including hand, when the neurectomy was performed in a spinal cat that already had recuperated a stable locomotion, the locoman, have more potential for plasticity than rats. Similar findings were made after muscle transposition in the cat motor pattern remained rather symmetrical and regular although there was no significant ankle flexion nor proper forelimb in which some adaptive discharges were found (Yumiya et al. 1979) . For instance, the palmaris longus plantar foot contact. In other words, neurectomy after spinalization did not have the remarkable disorganizing effect muscle, which normally discharges during stance, now is active mainly during swing and only little during stance.
that spinalization had on cats having recuperated from the same neurectomy when their spinal cord was intact. There is thus conflicting evidence on whether or not the CNS is capable of sufficient plasticity to reroute its command We interpret these data to mean that, when an animal modifies its locomotor pattern to compensate for a lesion of its signals so that transposed muscles can be recruited in accordance with their new and opposite biomechanical functions. neuro-muscular peripheral apparatus, long-term changes occur both at the spinal and the supraspinal levels. We postulate This is a very demanding situation, which may be at the very limit of adaptive mechanisms. On the other hand, it is that, initially, step-by-step and asymmetrical descending signals from supraspinal structures are provided to the spinal clear, as shown in the present results, that it may be a more economical strategy to develop compensatory movements of cord to compensate for the peripheral deficits. These may, after some time, induce some long-term changes in the spinal other joints to maintain the locomotor function when one joint cannot function properly, as is the case here, with the cord that, for instance, could subserve the hip/knee hyperflexion seen as one of the main compensating mechanisms. drastic reduction of ankle flexion due to the denervation. The question then is where are these compensatory changes Where could these changes occur? Part of the compensation, such as the increased flexion of the knee and/or the hip joints, organized and controlled?
as well as the subsequent placement of the paw may result from compensatory supraspinal inputs, such as the motor corSites of functional plasticity tex, which has a cyclical discharge and is especially active Whereas the cats had adapted very well to the neurectomy during voluntary gait compensation, such as stepping over when otherwise intact, the same cats showed a disorganized obstacles (Armstrong and Drew 1984, 1985; Drew 1993; Widajewicz et al. 1994; Yumiya et al. 1979) . Given the extensive locomotor pattern soon after spinalization. convergence of supraspinal and peripheral afferent inputs on that could persist after spinalization, leading to the abnormal hyperflexions seen at the hip and knee. spinal interneurons (Baldissera et al. 1981) , it is interesting to postulate that long-term facilitation mechanisms in the corWhen these correcting supraspinal signals are removed by spinalization, the spinal pattern is expressed on its own tico-spinal pathway (Iriki et al. 1990 ) could lead to long-term changes in the excitability of interneurons closely related to without descending compensation. This pattern clearly expresses hyperflexion of the more proximal joints on the ipsithe spinal pattern generator. Increased descending inputs on the side of the lesion could induce changes in excitability lateral side and is asymmetrical. On its own, this modified J487-6 / 9k0f$$ap34 08-27-97 15:01:14 neupal LP-Neurophys figure. B, E, and H: average of angular displacement of hip, knee, ankle, and MTP joints in 6-10 consecutive cycles. Normalized step cycle starts at left foot contact and is displayed twice. C, F, and I: related EMG activity presented after averaging (n Å 5-10) and normalization. After spinalization, cat recuperated an organized, symmetrical locomotion. Note that sartorius anterior (Srt) muscle also displayed some activity in extension. After neurectomy cat continues to walk regularly but lacks ankle flexion. Note that Srt pattern has come back to a pattern closer to control period.
